We have used self-assembled purines and pyrimidines on planar gold surfaces and on gold-coated atomic force microscope (AFM) tips to directly probe intermolecular hydrogen bonds. Electron spectroscopy for chemical analysis (ESCA) and thermal programmed desorption (TPD) measurements of the molecular layers suggested monolayer coverage and a desorption energy of about 25 kcal/mol.
Direct measurements of intermolecular forces are of great interest because such forces dominate the behavior of all materials and biological systems. The atomic force microscope (AFM) (1) has been primarily employed to examine the topography of surfaces with atomic or molecular resolution (2) (3) (4) (5) (6) (7) . It has also been used to measure molecular friction (8, 9) and elasticity (10) . In addition, it has been applied to measure colloidal forces between a sphere and a planar silica surface (11, 12) . Further, the ability to directly measure forces between molecules suggests the possibility to probe for the chemical interaction between tips and surface molecules. Consequently, investigators measured the forces between metal tips and metal surfaces (10, 13) and the forces between tungsten tips and molecular films on surfaces (14, 15) . IHoh et al (15, 16) investigated the pH dependence of forces between a silicon nitride tip and a glass substrate in aqueous solutions. However, in the previous studies, the surface chemistry of sample and probe was not well defined and was poorly characterized. The interpretation of the measured forces is further complicated because the glass surface properties under such conditions may be closer to those of a silica gel than to those of the original glass (17) . Molecular recognition forces have been measured by using the specific interactions between the ligand-receptor pair streptavidin-biotin (18, 19) as well as between complementary DNA strands (20) . Here we use DNA base pairing to demonstrate that the AFM can directly measure directional hydrogen bonding in well-defined, ordered systems. Although hydrogen bonding is generally nondirectional (21) , the shape of the nucleotide bases renders the hydrogen-bonding interaction remarkably orientation specific (22) . We present evidence that we can measure this specific interaction between bases that have obvious biological significance.
EXPERIMENTAL PROCEDURES AFM Tips. Mica (Structure Probe) and AFM silicon nitride (Digital Instruments, Santa Barbara, CA) pyramidal tips were gold coated by a dc argon plasma sputtering technique at 200 mtorr (1 torr = 133 Pa) and 40 W for 1.5 min. Following this was an annealing procedure in which the samples were heated to 300°C for 7 min in air. During this procedure large gold islands grew at the expense of smaller islands. After the coating process some AFM tips lost their ability to image surfaces. Therefore, only tips that produced atomic resolution on mica after the various preparation steps were used. The coated tips and mica samples were soaked in 1 mM ethanol (Midwest Grain Products, Weston, MO) solutions of adenine, thymine, cytosine, guanine, and 2-amino-6-hydroxy-8-mercaptopurine (AHMP) (Aldrich). The spring constants of the cantilever, necessary to convert the raw data into force values, were determined as described by Hutter and Bechhofer (23) .
Scanning Tunneling Microscopy and Atomic Force Microscopy. We used a Nanoscope II (Digital Instruments) scanning tunneling microscope (STM) to image the gold-coated mica samples in air. Images were obtained with a constant current of 3.0 nA, a bias of 0.58 V, and a scan rate of 195.3 nm/sec in thex direction. For force measurements, we used a Nanoscope II AFM. The coated cantilevers were mounted into a fluid cell, a drop of water was placed onto the sample, and the cell was sealed. The instrument was used in a mode in which scans in x andy directions are disabled and the tip is oscillated onlyi* the z direction with a frequency of 25 Hz while the cantilever deflection is recorded. In this mode, force-distance curves are obtained by plotting cantilever deflection versus tip sample separation for the advancing and receding tip. The resulting cantilever deflection-distance curves are converted into force-distance curves by using the spring constant.
Electron Spectroscopy for Chemical Analysis (ESCA) and Thermal Programmed Desorption (TPD) Measurements. ESCAwas performed on an SSX-100 X-Probe surface analysis system (Surface Science Instruments, Mountain View, CA) which uses an Al KS monochromatic x-ray source, a hemispherical analyzer, and a position-sensitive detection system with a 30°-solid-angle acceptance lens. TPD measurements were performed in a turbomolecular pumped vacuum system equipped with a quadruple mass spectrometer (UTI Instruments, Sunnyvale, CA). At a pressure of 5 x 10-8 torr, the samples were heated by electron beam at a rate of 2 K/sec as measured by a thermocouple clamped to the sample.
RESULTS AND DISCUSSION
Gold Coatings. The gold coatings were prepared by a two-dimensional Ostwald ripening process (24) in which amorphous islands grow into large polycrystalline gold islands with Abbreviations: AFM, atomic force microscope; AHMP, 2-amino-6-hydroxy-8-mercaptopurine; ESCA, electron spectroscopy for chemical analysis; STM, scanning tunneling microscopy; TPD, thermal programmed desorption. ITo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. diameters ranging from 10 to 500 nm. The islands were atomically smooth and depicted the typical Au(111) orientation in STM images. The three STM images shown in Fig. 1 illustrate the ripening procedure. Although the AFM probes have an uncontrolled morphology, we believe that the tip coating contains small islands of crystallographical order.
Molecular Coatings. The molecular coating resulted in self-assembled films that have been investigated by scanning tunneling microscopy and other surface-sensitive techniques and are discussed elsewhere (25, 26) . It was reported that three of the four DNA bases (adenine, cytosine, and thymine) assemble into highly ordered long-range two-dimensional arrays on crystalline gold. Guanine does not assemble into ordered arrays and therefore AHMP, which possesses a thiol group and the identical chemical groups for hydrogen bonding that are possessed by guanine, is used instead. As an example of the assembly, an STM image of self-assembled adenine is shown in Fig. ld . The nucleotide bases assemble edge-on in a bulk-like conformation (coverage, -0.36 nm2 per molecule), while displacing contamination during the assembly process. The edge-on conformation was derived by analyzing corroborative ESCA, static secondary ion mass spectrometry (SSIMS), scanning tunneling microscopy, and atomic force microscopy data (25) . Edge-on adsorption has been reported not only for DNA bases on gold (27) but also for naphthalene, benzene, and anthracene (28) . The surface chemistry of the molecular coatings was analyzed with ESCA. This analysis consistently indicated complete monolayer films and suggested that hydrocarbon contamination, always observed on gold surfaces in air, was displaced by the adsorbing species. As an example, the gold/carbon/nitrogen/oxygen ratio for cytosine was 7.8:4.0:3.0:1.0. Stoichiometrically, for cytosine, a C/N/O ratio of 4:3:1 is expected. The TPD measurements allowed us to estimate the desorption energy of the organic films. By Redhead's analysis (29) , desorption energies ranging from 20 kcal/mol for cytosine to 25 kcal/mol for adenine have been calculated, confirming chemisorption. However, the energies are significantly higher than the hydrogen bonding energies measured here and sufficiently high to withstand scanning and adhesive forces inherent in the AFM. Peel-off would occur if the nonspecific interaction energies were larger than the desorption energies. Since the tip radius and the contact area between tip and sample are unknown, it is difficult to compare directly the two energies. However, calculations show that at monolayer coverage of -2.8 molecules per nm2 (25) , peeling would occur with tip radii of <8 nm. The tips used in this study had radii of about 80 nm; hence, the energy required for peel-off is roughly 100 times larger than the applied interaction energies. In addition, AEM images of the samples are consistent with complete films and do not reveal indentations or holes after probing. Intermolecular Interactions. We used adenine-coated tips to probe bare and adenine-coated samples as controls. Then the adenine-coated tips were used to probe thymine-coated gold samples. Analogously, cytosine-coated tips were used with cytosine-coated gold samples as controls and then AHMP-coated gold samples. The AFM interaction force curves measured for the control samples are shown in Fig. 2 . At small separations, the tip is pulled toward the sample surface due to long-range electrostatic forces. This has been reported previously (30, 31) and is in accord with DerjaguinLandau-Verwey-Overbeek (DLVO) theory (32) . When the tip pulls away from the surface, hysteresis is observed. The hysteresis is explained because of adhesive bonding between tip and sample (33) . The measured adhesion forces between 5 and 17 nN are in good agreement with previously measured values (13) . However, the magnitude of the force depends on pH of the buffer solution (unpublished results) and is most most likely explained by nondirectional electrostatic interactions. Furthermore, long-range van der Waals interaction can be excluded, since gold-gold force curves under buffer do not show attractive interactions (Fig. 2c) .
Additional controls, consisting of measuring interactions between the coated tips and their three noncomplementary bases, are consistent with the force curves shown in Fig. 2 (Fh, nN) 0.125 0.188 Forces for advancing and receding tips were directly read from the force curves. By integrating under the curves, the energy of the interaction between tip and sample was calculated and the results are shown for nonspecific interactions and receding tips. Desorption energies were calculated from TPD measurements, and spring constants were measured by common methods (23, 29) . Hydrogenbonding forces were estimated by a bond energy of 1.8 kcal/mol (34) . Forces are estimated with the equation F = (Ehb/Na)/r, where Ehb iS the hydrogen bonding energy, Na is Avogadro's number, and r is the distance between two molecules. This very simplistic estimation assumes that Ehb is independent of r.
average undershoot voltage, and dV/dz is the initial slope of the force curve.] A histogram plotting the frequencies of recurring attractive forces is shown in Fig. 3 . As a result, the average attractive force between an adenine-coated tip and a thymine-coated surface is 0.63 nN. Moreover, the data suggest a quantized interaction with each force curve being composed of integer multiples of 54 pN, attributed to one pair of molecules. With this result, the average attractive force for an advancing tip is the sum of about 12 base-pair interactions, the average force for receding tips is composed of about 60 FIG. 2. Force-distance curves of the control samples and hydrogen-bonding interactions. The inserted schematics indicate the relative tip positions and the arrows specify the direction of tip travel. A gold-coated AFM tip covered with a self-assembled film of adenine was used to probe a bare gold surface (a). A gold-coated AFM tip covered with a self-assembled film of cytosine was used to probe a gold surface covered with the same molecular film (b). As a third control, a gold-coated tip was used to probe a gold-coated surface under buffer (c). An adenine-covered tip probed a gold surface covered with a self-assembled thymine film (d). A cytosine-covered tip probed a gold surface onto which AHMP was adsorbed (e). Curves base-pair interactions. Similar statistical measurements need to be made with cytosine-AHMP pairs (as a model for cytosine-guanine pairs). The resulting minimal quantized interactions will allow us to measure the major differences between A-T and C-G base pairs, independently of tip geometry, and assumptions for values or strength of hydrogen bond formation.
All interaction force curves consist of a larger attractive force and the smaller hydrogen bonding force that we try to measure. In addition, we always observe hysteresis. This is not unexpected, because, at atomically small tip sample separations, only a few tens of molecules at the outermost tip interact with the surface molecules. However, once the tip encounters the sample, the contact area of the touching tip is sufficiently large for additional molecules to interact. This area implies respective directional alignment of the molecular coatings and is the primary contribution to the specific and directional interactions that we measure here. Contact areas of ordered coatings are estimated at 25 nm2. [The contact area (A) can be estimated by the equation A = nH6O, where nH is the number of hydrogen-bonding molecules (=60) and 0 is the molecular coverage (=0.36 nm2 per molecule).] However, the majority of the tip coating is not ordered with respect to the sample coating, resulting in the detection of nonspecific, electrostatic forces.
We can specifically inhibit the interaction of an adeninecoated tip with a thymine-coated surface by adding excess thymine in solution. Fig. 4 Finally, using the adenine-coated tip, we acquired a chemical image with molecular resolution of an atomically smooth gold surface onto which thymine was self-assembled in twodimensional arrays (25) . The tip is carefully lifted and scanned at a fixed distance from the surface. The resulting image reflects changes in interaction forces between the molecules at the outermost tip and the assembled thymine molecules. The periodicities of the dark regions represent higher attractive interaction forces and were determined with the Nanoscope II autocorrelation-function software. The periodicities are 0.95 nm x 0.34 nm and are close to the molecular dimensions of thymine (36) . As a comparison helpful to evaluate the part of the image contrast due to specific interactions, an AFM image obtained with a silicon nitride tip of the same sample is shown as an inset in Fig. 5 .
The results presented in this paper suggest that the AFM can detect specific base-pair interactions that follow the WatsonCrick base pairing scheme (37) . However, Hoogsten base-pair, configurations (i.e., A-A, T-T, C-C, G-G, and A.G) have also FIG. 5 . AFM image of a thymine-covered gold surface scanned with an adenine-covered tip. The tip was carefully lifted from the surface to minimize imaging forces as suggested elsewhere (35 (38) (39) (40) . Although the monomers assemble in a highly ordered manner, edge-on on the gold, forming two dimensional lattices that are "bulk-like," we never observed growth beyond a monolayer [i.e., A-A or CC (25) ]. The absence of multilayer growth may be indicative of WatsonCrick as opposed to Hoogsten base pairing.
The mechanisms that are behind the AFM observations are not completely understood and more studies are needed to fully comprehend the nature of the base-pair interactions and discriminate between Watson-Crick and Hoogsten base pairing. However, significant attractive forces are consistently observed for complementary (Watson-Crick) base-pair combinations. Our study suggests that recognition atomic force microscopy might be a component of a strategy to sequence DNA.
Conclusions. By using a recognition atomic force microscopy concept, interactions between all 16 combinations of adenine, thymine, cytosine, and AHMP (as a model for guanine) have been measured. Only when complementary bases are used on tip and surface is a secondary minimum interaction seen in the AFM traces, suggesting specific interaction.
To date, intermolecular forces have been measured by averaging methods, such as the surface force apparatus (41) or colloidal particle attachment to AFM cantilevers (11, 12) . The use of coated AFM tips permits the measurement of interaction forces in extremely small areas (18) (19) (20) . Chemically mapping of the surface with molecular resolution may be particularly important for investigation of biological systems. The concept of using the AFM to explore molecular recognition has been proposed (42, 43) . The results obtained here suggest that this recognition atomic force microscopy concept may have applications in studying genomic sequences, as it reduces the imaging resolution requirement from the atomic scale to a molecular scale.
